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Replicative senescence of human diploid fibroblasts (HDFs) is largely implemented by the cyclin-dependent
kinase (CDK) inhibitors p16"~*** and p21“™". Their accumulation results in a loss of CDK2 activity, and cells
arrest with the retinoblastoma protein (pRb) in its hypophosphorylated state. It has become standard practice
to bypass the effects of p16™%** by overexpressing CDK4 or a variant form that is unable to bind to INK4
proteins. Although CDK4 and CDK6 and their INK4-insensitive variants can extend the life span of HDFs,
they also cause a substantial increase in the levels of endogenous p16™%4*, Here we show that CDK4 and
CDKG6 can extend the life span of HDFs that have inactivating mutations in both alleles of INK4a or in which
INK4a levels are repressed, indicating that overexpression of CDK4/6 is not equivalent to ablation of p16"™%4?,
However, catalytically inactive versions of these kinases are unable to extend the replicative life span, sug-
gesting that the impact of ectopic CDK4/6 depends on their ability to phosphorylate as yet unidentified
substrates rather than to sequester CDK inhibitors. Since p16"™~*4* deficiency, CDK4 expression, and p53 or

p21CIP1
is an integrated response to diverse signals.

ablation have additive effects on replicative life span, our results underscore the idea that senescence

Cellular senescence is now recognized as a general response
to a variety of oncogenic and genotoxic stresses but was orig-
inally observed in cultures of primary human diploid fibro-
blasts (HDFs) as they reached the end of their proliferative life
span (21). After what appears to be a predetermined number
of population doublings (PDs), HDFs enter a permanent state
of growth arrest, termed M1, and develop a characteristic
phenotype (49, 59). In HDFs, a critical determinant of M1 is
the erosion of the telomeres that occurs with each division
(20), but it is clear that there are additional telomere-indepen-
dent mechanisms that limit proliferative life span, collectively
referred to as culture stress (11, 51, 62). In the classical HDF
system, it was found that senescence could be delayed by in-
terfering with the retinoblastoma (pRb) and p53 tumor sup-
pressor pathways, for example, by using DNA tumor virus
oncoproteins that bind to either or both pRb and p53 (49).
This results in a significant increase in the maximum number of
PDs, but the continued erosion of telomeres during this period
eventually leads to chromosome fusion and breakage and the
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cultures reach a state referred to as M2 or crisis, where cell
division is still occurring but is offset by extensive cell death
(49, 59).

A distinctive feature of senescent HDFs is that they express
elevated levels of the p16™** and p21“™" cyclin-dependent
kinase (CDK) inhibitors (1, 19, 35, 54, 61). The expression of
p21<""1 peaks as cells approach M1, presumably reflecting a
p53-mediated signal from the damaged telomeres (9, 22),
whereas the accumulation of p16™%** is more pronounced
after cell proliferation has ceased (1, 6, 54). It is tacitly as-
sumed that these CDK inhibitors are responsible for imple-
menting the senescence arrest by preventing the CDK-medi-
ated phosphorylation of pRb and its relatives. Whereas
p16™ 4 interacts specifically with CDK4 and CDK6 and
blocks their association with D-type cyclins (40, 47), p21<™!
interacts with multiple cyclin-CDK complexes (reviewed in
reference 50). When bound to cyclin E-CDK2 and cyclin A-
CDK?2, the CIP/KIP proteins act as potent inhibitors of cata-
lytic activity (42), but their impact on the cyclin D-dependent
kinases is more enigmatic.

Various pieces of evidence suggest that the CIP/KIP pro-
teins promote the assembly of cyclin D-CDK complexes, and
indeed, most of the D-type cyclins in the cell are present in
these stable ternary complexes (8, 27, 31, 36, 41). However, it
remains a matter of debate whether such complexes have cat-
alytic activity or simply provide a buffering system that controls
the availability of CIP/KIP proteins to inhibit CDK2 (37, 52).
In either case, p16™ 4 has the capacity to inhibit CDK2 as
well as CDK4 and CDK6 by causing the redistribution of
CIP/KIP proteins onto CDK2-containing complexes, where
they function as inhibitors, and by promoting the formation of
inactive cyclin D-CDK2 complexes (26, 31-33, 54).

The prospect that the D-type cyclins have both kinase-de-
pendent and kinase-independent functions has important im-
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plications (for example, see references 28 and 63). In the con-
text of senescence, it has not been rigorously established
whether the catalytic activity of cyclin D-CDK complexes is
extinguished at M1, when the levels of p21<™* and p16™&4=
are changing dramatically. In early senescence, the peak of
p21<""! might be expected to promote the formation of ternary
cyclin D-CDK-p21<""! complexes while simultaneously inhib-
iting cyclin E-CDK2. As the total levels of p21<™"' start to
decline in late senescence, the accumulating p16™%** would
potentially ensure that enough CIP/KIP proteins are redistrib-
uted onto cyclin E-CDK2 by displacing them from the CDK4
and CDK6 complexes. However, the situation is further com-
plicated by the fact that the levels of cyclin D1, CDK4, and
CDKG6 are also modestly elevated in senescent cells (13, 54;
unpublished observations of the authors).

To try to gain further insight into the role of the cyclin
D-CDK complexes at senescence, we have explored the ability
of exogenous CDK4 and CDKG6 to extend the replicative life
span of HDFs. As previously reported (34), both wild-type
CDK4 and CDK6 and mutated versions of these kinases
(R24C and R31C, respectively) that are unable to interact with
INK4 proteins elicit a modest increase in the maximum num-
ber of populations doublings. The cells arrest with an M1
phenotype but at a stage that is intermediate between M1 and
M2. HDFs respond to excess CDK4/6 by expressing substan-
tially elevated levels of p16™** and p21<'™!, perhaps as a
stress response or because of homeostatic mechanisms that
maintain an appropriate balance between cyclins, CDKs, and
CDK inhibitors. Importantly, CDK4/6 can also delay senes-
cence in INK4a-deficient HDFs, implying that the effect must
be independent of p16™%42, Since p16™***-deficient HDFs
have a partially extended life span that can be further extended
by CDK4/6 and by p53 ablation, our results reveal previously
unexpected facets in the implementation of senescence. More-
over, we find that catalytically inactive variants of CDK4/6 are
unable to extend cellular life span, suggesting that the effects
must be dependent on phosphorylation of an as yet unknown
substrate(s) rather than sequestration of CDK inhibitors.

MATERIALS AND METHODS

Cell culture and retroviral infection. Cell stocks were maintained at 37°C and
5% CO, in Dulbecco modified Eagle’s medium supplemented with 10% fetal calf
serum. The fibroblast cultures were routinely passaged at a 1:4 or 1:8 split ratio
as soon as they reached confluence and were therefore assumed to have under-
gone two or three PDs, respectively, at each passage. To permit uptake of
ecotropic retroviruses, the fibroblasts were infected with an amphotropic retro-
virus encoding the mouse basic amino acid transporter (pWXL-Neo-Eco) and
selected in medium containing G418 (150 wg/ml). Ecotropic retroviral stocks
were prepared by transient transfection of BOSC-23 cells. For retroviral infec-
tions, pools of G418-resistant cells were plated at 25 to 50% confluence and
incubated overnight. The culture medium was replaced with 5 ml of filtered viral
supernatant together with 3 ml of fresh medium and the equivalent of 4 pg/ml
polybrene. After 24 h the medium was replaced, and selection in medium con-
taining either 1.25 pg/ml puromycin (Calbiochem) or 50 to 100 pg/ml hygromy-
cin (Sigma) was initiated on day 2 postinfection.

The wild-type and mutant versions of CDK4 and CDK6 ¢cDNAs were trans-
ferred into the pBABE retroviral vector as BamHI-EcoRI fragments and have
been described previously (34). In some cases, one or two copies of the hemag-
glutinin (HA) epitope tag were added at the carboxy terminus. Retroviral vectors
encoding mouse Bmil and Cbx7 have been described elsewhere (6, 15). A
short-hairpin RNA (shRNA) targeting human p21""! was generated using the
19-nucleotide sequence 5'-CTTCGACTTTGTCACCGAG-3'. This sequence
was used as the basis for complementary 59-mer oligonucleotides capable of
forming a hairpin and flanked by sites for the BglII and HindIII restriction
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enzymes. The annealed oligonucleotides were cloned into pRetroSuper vectors
(7) that confer either puromycin or hygromycin resistance.

Immunoprecipitation and immunoblotting. For direct immunoblotting, cells
were lysed in 62.5 mM Tris-HCI (pH 6.8) containing 2% (wt/vol) sodium dodecyl
sulfate (SDS) and the protein concentration was estimated using the bicincho-
ninic acid (BCA) assay (Pierce). Mercaptoethanol and bromophenol blue were
added to make the final composition equivalent to that of Laemmli sample
buffer. Samples were fractionated by SDS-polyacrylamide gel electrophoresis
(PAGE) in either 12 or 15% gels and blotted onto Immobilon-P membranes
(Millipore). Membranes were probed with primary antibodies diluted in phos-
phate-buffered saline, 0.2% Tween 20, and 5% milk powder and processed as
previously described. Antibody binding was visualized using G.E. Healthcare
ECL reagents.

For immunoprecipitation, cells were lysed in NP-40 lysis buffer (50 mM Tris-
HCI, pH 8.0, 150 mM NaCl, and 1% [vol/vol] NP-40) containing freshly added
protease inhibitors (a 1:1,000 dilution from a stock solution of 20 mM aminoeth-
ylbenzenesulfonyl fluoride, 10 mM EDTA, 1.3 mM bestatin, 140 uM E-64, 10
M leupeptin, and 3 wM aprotinin). The protein concentration was estimated
using the BCA assay (Pierce). Samples (500 pg) of protein in a total volume of
500 pl were immunoprecipitated with 2 pl of antibody and 20 pl of protein A
beads (for rabbit polyclonal antibodies) or protein G beads (for mouse mono-
clonal antibodies). The samples were rotated at 4°C overnight. The beads were
washed four times with 1 ml of cold NP-40 lysis buffer containing protease
inhibitors. The beads were then boiled for 10 min in the presence of 25 pl 2X
sample buffer and the released proteins fractionated by SDS-PAGE in 12 or 15%
gels. Proteins were detected by immunoblotting as described above.

Antisera. Rabbit polyclonal antibodies against CDK2 (sc-163), CDK4 (sc-601),
CDK6 (sc-177), and p21<""! (sc-397) were obtained from Santa Cruz. Rabbit
polyclonal antiserum against MEK1/2 (no. 9122) was from Cell Signaling. Mono-
clonal antibodies against CDK4 (DCS31), CDK6 (K6.83), and cyclin D1 (DCS6)
were obtained from Neomarkers. The monoclonal antibodies against p16™NK4a
(DCS50 and JC8) and polyclonal antibodies against cyclin D1 (287.3), CDK6
(LBO-1), and p16™K44 (DPAR12) have been described previously (3, 40).

Gel filtration chromatography. Cells were washed once with phosphate-buff-
ered saline and then lysed in Tween lysis buffer (50 mM HEPES, pH 8.0, 0.1%
Tween 20, 1 mM EDTA, 2.5 mM EGTA, 150 mM NaCl, 1 mM dithiothreitol, 1
mM sodium fluoride, 0.1 mM sodium orthovanadate, 2 ng of aprotinin per ml,
and 100 pg of phenylmethylsulfonyl fluoride per ml) and frozen rapidly on dry
ice. Lysates were subjected to freeze-thawing three times, followed by clarifica-
tion by centrifugation at 14,000 X g for 10 min, and the protein concentrations
were determined using the Pierce BCA protein assay reagents according to the
manufacturer’s instructions.

Gel filtration chromatography was carried out using a Superdex 200 HR 10/30
column (Pharmacia) with a fast-performance liquid chromatography system
(BioLogic System; Bio-Rad). Samples of 2.5 mg of cell lysate in 250 wl of Tween
lysis buffer were loaded onto the column and separated in Tween lysis buffer at
a flow rate of 0.4 ml per min. The molecular mass standards (Sigma) used to
calibrate the column were as follows: alcohol dehydrogenase, 150 kDa; bovine
serum albumin, 66 kDa; carbonic anhydrase, 29 kDa; and cytochrome C, 12.4
kDa. Fifty microliters of each fraction was taken for immunoblot analysis, and
350 pl from each fraction was used for immunoprecipitation.

RESULTS

Persistence of cyclin D1-CDK4-p21¢™! complexes in senes-
cent fibroblasts. Although it is well established that the levels
of p21<"! and p16™K 4 increase dramatically at M1, with the
peak of p21<'"! preceding that of p16"™%**, there have been
relatively few studies on the impact this has on the composition
of cyclin D-CDK complexes (1, 33, 54). Given the dynamic
nature and multiplicity of the complexes involved, we tried to
facilitate such analyses by incorporating a gel filtration step to
separate complexes of different sizes. Lysates from proliferat-
ing, early senescent, and late senescent fibroblasts (TIG3 cells)
were fractionated on a Superdex 200 column, and samples of
each fraction were analyzed by direct immunoblotting with
antibodies against cyclin D1, CDK4, CDK6, p21<™!, and
pl6™* 42 (Fig. 1). To confirm suspected associations, residual
samples were also subjected to immunoprecipitation followed
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FIG. 1. Comparison of cyclin D1-CDK-CKI complexes in young
and senescent HDFs. Equal amounts of cell lysate (2.5 mg) from young
(Y), early senescence (ES), or late senescence (LS) TIG3 cells were
subjected to gel filtration chromatography on a Superdex 200 column.
Equivalent amounts (1/20th) of the individual fractions were separated
by SDS-PAGE in a 12% acrylamide gel and immunoblotted with
antisera against cyclin D1, CDK4, CDK6, p21<'*!, and p16'™%2, The
lane on the left of each panel corresponds to a sample (12.5 pg) of
total protein analyzed directly (i.e., without gel filtration).

by immunoblotting (see Fig. S1 in the supplemental material).
Given the volume of data generated by this approach, only
illustrative examples are shown here, and we have excluded the
high-molecular-weight complexes (=400 kDa) that contain
heat shock and chaperone proteins (10, 30, 31).

In young HDFs, most of the cyclin D1 and p21<""' was
present in complexes of around 150 to 200 kDa (Fig. 1), as
reported for other cell types (10, 30, 31, 36, 41, 43). Immuno-
precipitation and immunoblotting confirmed that cyclin D1
and p21°™"! were associated with CDK4 and CDK6 in com-
plexes of this size (see Fig. S1 in the supplemental material;
also data not shown). However, whereas a substantial propor-
tion of the CDK4 eluted in the 150- to 200-kDa size range, only
a minority of the CDK6 was found in these fractions, with the
remainder concentrated in a complex of approximately 50 kDa.
This would be consistent with a 1:1 association between CDK6
and one of the INK4 proteins, and although the levels of
pl6™ 4 were very low in early-passage HDFs, immunopre-
cipitation with a CDK®6 antibody confirmed that this complex
contained both p16™¥4* and p18™X4c (see Fig. S1 in the
supplemental material; also data not shown). An equivalent
CDK4-p16™%42 complex was also present in these cells, and
the proportion of CDK4 that eluted in the 50-kDa size range
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FIG. 2. Extension of HDF life span by wild-type and mutant ver-
sions of CDK4 and CDKG6. (A) Hs68 cells were infected at PD40 with
retroviruses encoding wild-type CDK4, the R24C mutant of CDK4,
wild-type CDKG6, the R31C mutant of CDK®6, or the empty vector as
indicated. Following selection in puromycin, the cell pools were ana-
lyzed by immunoblotting with antibodies against CDK4, CDKGO,
pl16™K4 “and p21€™P1, MEK was used as a control for loading. Note
that the samples were analyzed on the same gel, but the scanned
images were subsequently edited for continuity of presentation. (B) In-
fected cell pools were passaged under standard conditions of tissue
culture until they reached M1 senescence, as judged by failure to
double in 4 weeks. The curves show cumulative PDs at each time point.

increased significantly in early and late senescent HDFs fol-
lowing the marked accumulation of p16™%** (Fig. 1).

Surprisingly, a substantial proportion of p16"™%** in senes-
cent HDFs eluted with the predicted molecular mass of the
monomeric protein. In principle, this free p16™** should
have been capable of sequestering CDK4 and CDKG6. Indeed,
virtually all of the CDK6 in senescent cells was found in the
50-kDa complex. Although there was a change in the size
distribution of CDK4 between proliferating and senescent cells
with a shift into the 50-kDa complexes, a considerable amount
of the CDK4 remained associated with cyclin D1 and p21<'™*
in the 150- to 200-kDa size range (Fig. 1; also see Fig. S1 in the
supplemental material). There was also a slight reduction in
the mean size of p21<'"! complexes in senescent HDFs but no
evidence for any free p21<'"!. Taken together, these data im-
ply that cyclin D1-CDK4-p21<"™"! complexes persist at M1 de-
spite an excess of free p16™¥4=,

Life span extension by overexpression of CDK4 or CDKaG6.
The substantial amount of free p16™%** in senescent cells has
interesting implications for the accepted practice of using ec-
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topic CDK4 or CDKG6 to override the effects of p16™%4, Tt is
generally assumed that overexpression of wild-type CDK4 will
sequester p16™ 2 as well as other INK4 proteins, and pro-
mote the formation of cyclin D-CDK complexes. Whether
these have catalytic activity or act as a sink for p21™"' is a
moot point. An alternative strategy is to use the R24C variant
of CDK4 or the analogous R31C variant of CDK®6, both of
which are unable to interact with any INK4 proteins (16, 34,
60). These should in principle allow the formation of active
cyclin D-CDK complexes that are insensitive to p16™ 4 as
well as sequestering p21<™" in ternary complexes with the D
cyclins. We compared these strategies by using recombinant
retroviruses to express the relevant cDNAs in normal HDFs.
Expression of the ectopic proteins was confirmed by immuno-
blotting with antibodies against CDK4 and CDK®, respectively
(Fig. 2A). The levels of CDK4 were considerably increased
relative to those of the endogenous protein in the vector-only
control cells, but quantification was complicated by the appear-
ance of a doublet in SDS-PAGE. This is consistently observed
following overexpression of catalytically active CDK4, but the
molecular explanation remains unclear.

Compared to the vector-only controls, Hs68 cells transduced
with either wild-type or mutant versions of CDK4 and CDK6
achieved an additional 10 to 12 PDs (Fig. 2B). Similar life span
extensions were obtained with TIG3 cells (see Fig. S2 in the
supplemental material) and have been reported previously for
the BJ (HCA2) strain of HDFs (34). In each case, the cells
arrested with an M1-like phenotype. Importantly, there was no
appreciable difference between the effects of the wild-type and
INK4-insensitive versions of CDK4 and CDKG6 in these assays.

Induction of p16"™*** by ectopic CDK4 and its effect on
cyclin D-CDK complexes. A striking and consistent conse-
quence of introducing ectopic CDK4 or CDK6 was that cells
produced significantly elevated levels of p16™ 4 as well as
moderately elevated levels of p21<™* (Fig. 2A). The increased
abundance of p16"™%** occurred within days of retroviral in-
fection and was maintained over numerous PDs. In the exam-
ple shown in Fig. 3A, TIG3 cells expressing exogenous CDK4
accumulated up to 30-fold more p16™¥4* compared to age-
matched cells infected with the empty vector control. The
effects therefore appear to be an acute reaction to the exoge-
nous CDKs rather than an indirect consequence of life span
extension.

If the cells respond to the additional CDK4 by producing
more p16™%42, then the impact on cyclin D-CDK complexes is
likely to be self-limiting. To address this possibility, we used gel
filtration to compare the size distribution of cyclin D1, CDK4,
and p16™%4* in TIG3 cells transduced with the empty vector
or with the CDK4 retrovirus (Fig. 3B). The most obvious
difference in the CDK4-transduced cells was that a greater
proportion of the CDK4 was present in 50-kDa complexes,
because of its association with p16™%42 and there was also an
increase in the average size of the cyclin D1-CDK4 complexes.
There was a concomitant shift in the distribution of total
p21<'™1] reversing the trend noted in Fig. 1, which would be
consistent with the assembly of ternary cyclin D1-CDK4-
p21<™F! complexes. Importantly, the additional p16™%** in the
CDK4-transduced cells was predominantly in the 50-kDa com-
plexes. Because of the magnitude of the p16™** peak and the
spillover of the signal, it was not possible to judge what pro-
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FIG. 3. Induction of p16"™%4* by ectopic CDK4 and its effect on
cyclin D-CDK complexes. (A) TIG3 cells were infected with a retro-
virus encoding wild-type CDK4 or the empty-vector control. Following
drug selection (6 days), the cells were passaged under standard con-
ditions and cell lysates prepared at various time points. Cumulative
PDs at each time point are as indicated. Samples (30 pg) of total
protein were fractionated by SDS-PAGE and immunoblotted for
pl6™¥42 and CDK4. (B) Extracts from TIG3 cells infected with a
retrovirus encoding wild-type CDK4 or the empty-vector control were
subjected to gel filtration and analyzed as in Fig. 1. Cyclin D1 and
CDK4 were visualized on the same immunoblot, with the upper band
corresponding to cyclin D1. Ectopic expression of CDK4 resulted in
two immunoreactive bands, as discussed in the text. In the lower
panels, samples of each fraction were immunoprecipitated with an
antibody against CDK4 prior to SDS-PAGE and immunoblotting.

portion of the p16™%** remained monomeric in the cells ex-

pressing exogenous CDK4.

Life span extension by CDK4 is independent of its associa-
tion with p16™%**, The above findings implied that overex-
pression of wild-type CDK4 has a relatively minor impact on its
availability to bind cyclin D1, because much of it becomes
bound to the extra pl6™K#* that is produced. The variant
forms of CDK4 and CDKG6 that are unable to interact with
p16™ 42 should potentially avoid this problem, but the situa-
tion is complicated because the endogenous CDK4 and CDK6
in the transduced cells would remain able to associate with the
extra pl6"™¥4 To try to clarify matters, we asked whether
ectopic CDK4 and CDK6 would extend the life span of
p16™*42_deficient HDFs. One such strain, designated Q34
HDFs, has different missense mutations in each copy of the
gene and produces two full-length but functionally compro-
mised variants of p16"™%4* (24). Surprisingly, ectopic expres-
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FIG. 4. CDK4 and CDKG6 can extend the life span of p16™*#*deficient HDFs. (A) The Q34 strain of p16"™*4*deficient HDFs was infected
at PD37 with retroviruses encoding wild-type CDK4, the R24C mutant of CDK4, wild-type CDK®6, the R31C mutant of CDK®6, or the empty vector,
as indicated. Following selection, the infected cell pools were passaged under standard conditions of tissue culture until they reached M1
senescence. Curves show cumulative PDs at each time point. (B) Lysates prepared from infected cell pools were analyzed by immunoblotting with
antibodies against CDK4, CDKG6, p16™%4 and p21“'"!, MEK was used as a control for loading. (C and D) The TIG3 strain of HDFs was infected
at PD42 with retroviruses encoding CDK4 or Bmil or both, along with appropriate vector controls. Following selection, the infected cell pools were
passaged under standard conditions of tissue culture until they reached M1 senescence. The curves show cumulative PDs at each time point.
Lysates prepared from the infected cell pools were analyzed by immunoblotting with antibodies against CDK4, p16™¥4* and MEK.

sion of wild-type CDK4 or CDKG6 or the respective R24C and
R31C mutants caused significant life span extension relative to
the Q34 cells infected with the empty vector (Fig. 4A). The
magnitude of the effect was comparable to that observed with
normal HDFs and was confirmed with two independent strains
of p16™**2_deficient HDFs that we have studied in detail (see
Fig. S3 in the supplemental material). Immunoblotting of the
cell lysates showed that the exogenous CDKs were expressed at
equivalent levels and, importantly, that they caused up-regu-
lation of the nonfunctional p16™%** (Fig. 4B). These results
imply that exogenous CDK4 and CDKG6 extend HDF life span
by mechanisms that are independent of p16™<42,

As further verification, we also asked whether CDK4 could
extend the life span of control fibroblasts in which expression
of the wild-type INK4a gene was repressed. To this end, TIG3
cells were infected with a retrovirus encoding the Polycomb
group protein Bmil, which is known to repress transcription
from the INK4a locus (25) (Fig. 4C). The cells were then

superinfected with a retrovirus encoding CDK4, along with
appropriate empty vector controls. As shown in Fig. 4D, Bmil
and CDK4 were both capable of extending the replicative life
span and had additive effects when coexpressed. Although
Bmil is likely to have other target genes, its ability to delay
senescence is largely attributable to repression of pl6™K+2,
Thus, Bmil is unable to extend the life span of pl6™ 4
deficient HDFs (6; R. Jones and G. Peters, unpublished re-
sults). Furthermore, we obtained similar results (see Fig. S4 in
the supplemental material) using a different Polycomb group
protein, Cbx7, which can repress INK4a independently of Bmil
(15).

Life span extension by CDK4 requires kinase activity. The
most straightforward explanation for the effects of exogenous
CDK4 and CDK6 would be that they promote the sequestra-
tion of CIP/KIP proteins in ternary complexes with the D
cyclins, thereby delaying the point at which p21<™! is able to
inhibit CDK2. The change in the size distribution of the cyclin
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munoblotted for CDK4, CDKG6, cyclin D1, p21<'*1 or p16™K42 gz
indicated.

D-CDK4 complexes in Fig. 3B could be viewed as consistent
with this interpretation. However, without knowing the com-
position and stoichiometry of the 150- to 200-kDa complexes,
we reasoned that evidence for or against this mechanism would
be difficult to obtain by standard immunoprecipitation and
immunoblotting. As an alternative strategy, we asked whether
catalytically inactive versions of CDK4 and CDKG6 are able to
extend the replicative life span of HDFs. These mutants were
generated by altering a single Asp residue in the ATP binding
site of the kinase (56), and the proteins therefore retain the
capacity to bind to cyclin D1 and p21<'*!. To confirm this, we
used CDK4P'5N and CDK6P'®*N constructs that carried an
HA epitope tag at the carboxy terminus. Both variants were
expressed in TIG3 cells, along with wild-type and empty-vector
controls, and the levels of endogenous and exogenous proteins
were monitored by immunoblotting for CDK4 and CDK6 (Fig.
5A). Equivalent samples of the cell lysates were then immu-
noprecipitated with an HA-specific antibody, followed by im-
munoblotting for cyclin D1, p21<™*, and p16™%** (Fig. 5B).
From these and additional experiments (not shown), we con-
cluded that the kinase-dead variants were as capable of inter-
acting with endogenous proteins as the wild-type CDKs.
However, in long-term cell proliferation assays, the D158N
version of CDK4 had little if any effect on the life span of TIG3
or pl6™* 42 deficient Q34 HDFs compared to the vector-only
controls (Fig. 6A and C). In the same experiment, wild-type
CDK4 had the previously documented effects. CDK6”1%*N was
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also unable to extend the life span of TIG3 cells (not shown).
Importantly, overexpression of CDK4”'**N did cause up-reg-
ulation of endogenous p16™%+* and p21<™! to a degree sim-
ilar to that for wild-type CDK4 (Fig. 6B and D). This suggests
that the homeostatic or stress response mechanism that bal-
ances the levels of CDK4 and pl16™%4* is registering the
amount of protein rather than its catalytic activity.

To further exclude the possibility that life span extension
involves the sequestration of p21<™! we used shRNA to
knock down the expression of p21<™* in TIG3 cells. As shown
in Fig. 6F, the levels of p21<™! were substantially reduced,
irrespective of the coexpression of CDK4 or CDK4P!58N, Im-
portantly, knock-down of p21<'"! provided a significant life
span extension, which was further extended by overexpression
of the catalytically active version but not the catalytically inert
version of CDK4 (Fig. 6E).

Multiple intermediate stages between M1 and M2. It was
previously shown that overexpression of CDK4 or CDK6 en-
ables normal HDFs to senesce at an intermediate stage be-
tween M1 and M2, operationally defined as M™7" (34). This
was based on the fact that subsequent ablation of p53 by
human papillomavirus (HPV) E6 provided an additional life
span extension that culminated in crisis. We used a similar
argument to infer that p16™***-deficient cells or cells express-
ing Bmil also senesce at an M™" or M 1.5 stage, rather than at
M1 (6). The obvious question, therefore, is how to rationalize
the ability of CDK4 and CDK6 to extend the life span of
p16™%4_deficient cells that are already destined to senesce at
M1.5. To approach this issue, we introduced HPV E6 into Q34
cells that had been previously transduced with exogenous
CDK4 and CDKG6 or with the empty vector. As illustrated in
Fig. 7A, HPV EG6 provides a proliferative benefit to HDFs, as
others have noted (12), presumably due to the loss of p53 and
reduced expression of p21<™** (Fig. 7B). In both cases, intro-
duction of E6 also resulted in a significantly extended life span
(Fig. 7A), which culminated with an M2 phenotype (6; data not
shown). Importantly, cells expressing both E6 and CDK4
reached a higher number of PDs than with either agent alone
(Fig. 7A), and a similar though less-dramatic trend was noted
with coexpression of E6 and CDK6 (not shown). The maxi-
mum life span of approximately 124 PDs is the highest that we
have recorded for human fibroblasts without the introduction
of telomerase. Taken together, the data suggest there are at
least three intermediate stages between M1 and M2, one that
is dependent on p16™% 2 another that is dependent on p53,
and a third stage that can be bypassed by the kinase activities
of CDK4 and CDKG6.

DISCUSSION

The ability of exogenous CDK4 and CDK6 to overcome
aspects of replicative senescence, whether induced by telomere
dysfunction or proliferative stress, has been well documented
(18, 34, 44, 46, 48, 53, 58). The data we describe here are
consistent with these findings but question assumptions about
the underlying mechanisms. Our study was initially prompted
by the fact that the dramatic increase in the level of p16™ 42
in senescent human fibroblasts does not prevent the assembly
of cyclin D-CDK4 complexes (Fig. 1) (33, 54). Although the
corresponding cyclin D-CDK6 complexes are disrupted, in line
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FIG. 6. Catalytically inactive CDK4 does not extend the life span of HDFs. TIG3 cells (A and B) or Q34 cells (C and D) were infected with

retroviruses encoding wild-type CDK4, the kinase-dead version, CD

K4D158N

, or empty vector. The infected cell pools were passaged under standard

conditions of tissue culture until they reached M1 senescence. The curves (A and C) show cumulative PDs at each time point. Samples of cell lysate were
immunoblotted with antibodies against CDK4, p16™ 4% and p21“"™"' (B and D). MEK was used as a control for loading. (E and F) TIG3 cells transduced
with either CDK4 or CDK4P'**N or the empty vector were infected with a retrovirus containing sSIRNA against p21<**!. The curves show cumulative
PDs at each time point (E). Samples of cell lysate were immunoblotted with antibodies against p21<""!, CDK4, and MEK (F).

with indications that the INK4 family may bind preferentially
to CDKG6 (17, 39, 41), it is not clear what effect this would have
in the face of sustained cyclin D-CDK4 function. Measurement
of CDK4- and CDK6-associated kinase activity in human cells
remains unreliable, and it is therefore difficult to tell whether
the cyclin D-CDK4 complexes, which also contain p21<'*! or
p27%™F! are catalytically active in senescent fibroblasts. Data
on the inhibition of cyclin E-CDK2 are more robust (33, 54),
and despite recent doubts about its importance in cell prolif-
eration (4, 38, 55), loss of CDK2 activity remains the most
likely explanation for the arrest of senescent cells.

Against this background, we were interested in exploring
how overexpression of CDK4 and CDK6 can delay senescence.
Based on our findings, the idea that they simply titrate
p16™% 42 is untenable. Firstly, cells respond to ectopic CDK4
and CDKG6 by expressing substantially more p16"™%4, Gel fil-
tration analyses suggest that much of the extra p16"™%** be-
comes bound to CDKs (Fig. 3B) and that the excess CDK4
drives the assembly of cyclin D-CDK4-p21<™! ternary com-
plexes. Secondly, the CDK4®**¢ and CDK6"*'“ mutants,
which are unable to bind to any of the endogenous INK4
proteins, cause life span extension and induce pl6™K+ as
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FIG. 7. Effects of p53 ablation and CDK4 overexpression are ad-
ditive. (A) Q34 cells that had been previously infected with a retrovirus
encoding wild-type CDK4 or vector-only control cells were superin-
fected with a virus encoding the E6 protein from HPV16. No drug
selection was required because of the proliferative advantage gained by
cells that express E6. The infected cell pools were passaged under
standard conditions until cultures failed to double in 4 weeks. The
curves show cumulative PDs at each time point. Note that cultures
expressing E6 ended with an M2 phenotype, as demonstrated by BrdU
incorporation and extensive cell death. The phenotype of the control
cultures was indistinguishable from M1. (B) Samples of cell lysate were
analyzed by immunoblotting for p53, CDK4, p16™%4 or p21™!, as
indicated. MEK was used as a control for loading.

effectively as the respective wild-type proteins (Fig. 2) (34).
Thirdly, and most importantly, the exogenous CDKs can also
extend the life span of fibroblasts that lack functional p16™<42
(Fig. 4). This cannot be explained by sequestration of
p15™Kab 1 8INKAe and p19™K4d since the INK4-insensitive
variants, CDK4%?*< and CDK6%*', produce the same effect.

As an alternative explanation, we considered whether the
expression of additional CDK4 and CDK6 could promote the
formation of cyclin D-CDK complexes, thereby sequestering a
greater proportion of the intracellular p21<'™"! and p27%'"!.
While it is difficult to exclude this possibility, sh RNA-mediated
knockdown of p21<™* did not prevent life span extension by
ectopic CDKs, and the results obtained with catalytically inac-
tive versions of CDK4 and CDKG6 suggest a different mecha-
nism. Since these variants are evidently capable of binding to
cyclin D1, p21<""', and p16™%*2, they should in principle be
able to cause the same subunit rearrangements as wild-type
CDKs. Interestingly, they are also capable of causing increased
expression of p16™ 4 and p21<'F!. However, in several inde-
pendent experiments, CDK4P">*N had virtually no effect on
fibroblast life span, irrespective of p16™%4? status, and similar
results were obtained with catalytically inactive CDK®6.

The inevitable conclusion from these findings is that life
span extension by CDK4 and CDKG®6 is not caused by subunit
rearrangement but by their ability to phosphorylate a critical
substrate or substrates. What is less clear is whether these are
known proteins, such as pRb and its relatives, or previously
unrecognized substrates. In this context, there are conflicting
views about the need for cyclin D-dependent kinase activity to
bypass pRb-mediated growth arrest (2, 29). One way to ad-
dress this issue would be to ask whether CDK4 can delay
senescence in cells lacking pRb. However, this experiment is
problematic, because the selective inactivation of pRb, for
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example, with HPV E7, causes E2F-mediated expression of
p14*RF and up-regulation of p53. E7 also has direct effects on
p21<™F! (14), and although senescence is delayed, the cells
enter a precocious M2-like state (5; our unpublished observa-
tions). Similarly, HDFs in which pRb has been inactivated by
homologous recombination have an extended life span that
apparently ends in crisis (57). It is partly because of these
problems that strategies for overriding the effects of p16™ 42
rather than pRb have so much appeal. The remarkable feature
of our findings was that two such strategies, CDK4 overexpres-
sion and p16™** deficiency, produced additive effects on life
span yet still allowed the HDFs to adopt an M1-like state.
Subsequent ablation of p53 elicited a further extension of life
span, at which point the cells acquired an M2 phenotype. This
implies that the effects of CDK4-associated kinase activity are
independent of p53. In support of this, expression of HPV E6
caused a similar increase in the number of PDs in both CDK4-
transduced and control cells. The inference is that CDK4 ki-
nase activity might be targeting an additional pathway that
contributes to the implementation of senescence.

Although some studies have drawn attention to differences
between CDK4 overexpression and p16™ ** deficiency (23),
most have assumed that they are mechanistically equivalent
(18, 34, 46, 48, 58). A common approach has been to use the
CDK4"**C mutant or a fusion protein in which this variant is
linked to cyclin D1 (45) because of the additional benefit that
this protein should be immune to all members of the INK4
family. Mice in which the endogenous Cdk4 locus has been
replaced by the Cdk4®**C variant are tumor prone, and the
resultant mouse embryonic fibroblasts are immortal and highly
susceptible to transformation (44, 53). Our findings suggest
that the underlying mechanisms warrant further investigation
and point to the existence of an additional pathway that reg-
ulates proliferative life span via a mechanism that is sensitive
to the catalytical activity of cyclin D-dependent kinases. Given
the prevalence of cyclin D1-CDK4 dysregulation in human
cancers, elucidation of this pathway is a high priority.
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